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special thought of their interdependence in an evolutionary
scheme. Among the structures studied, chief emphasis was laid
upon reproductive structures, so that the ^up-ito-date^ botany
of that decade might well be spoken of as the morphology of
reproductive structures.

In the use of this material for reaching, the so-called method
of "types" was developed. A very few plants, fondly supposed
to be "representative" and known to be common, were selected
and given an exhaustive examination. Each plant was cross-
questioned until questions failed; and ,the result was a great deal
of detailed knowledge about a few plants, and very little concep-
tion of the plant kingdom as a whole. In fact, the teaching was
more a training in scientific method than in botany. And when
one remembers that laboratory work was new, this was not a
bad start, for the method had to justify itself.

�t.

THE PURPOSE AND METHOD OF EXPERIMENTAL WORK IN
PHYSIOS.1

BY S. E. COLEMAN, B.S., M.A.,
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THE LABORATORY COURSE.
Diverse and conflicting views have been entertained with re-

spect to the proper function of the laboratory course in elementary
physics. At the one extreme it has held a subordinate position
as a loosely attached appendage to the text-book course; and,
in the manner of appendages, it trailed humbly behind the work
of the class room. At the other extreme it has been the dominant
feature of the physics course, and as such has claimed much
the greater part of the time allotted to the subject. It has been
wholly qualitative, wholly quantitative, and partly both. It has
been made the basis of inductive teaching, both good and bad;
and it has flippantly undertaken to "verify" the generalizations
of experts in experimental science.
The experiment of teaching experimental physics has been

tried out along all possible Imes; and the good and the bad, the
better and the worse, have been evaluated with some approxima-
tion to accuracy. Differences of opinion still exist; but they
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relate, for the most part, (to questions of minor importance. The
proper field of laboratory physics, its aims, and its methods,
can now be discussed with some possibility of fairly representing
a majority opinion.
The laboratory work should constitute an organic and integral

part of the physics course, and should be pursued concurrently
with the instruction of the class room throughout the subject.
Its specific purpose is to enlarge the pupil’s acquaintance with
the facts of the subject at first hand. This purpose is shared
on an equal footing with the experiments of the class room,
performed by the teacher. The experimental facilities of the
class room and the laboratory are different and mutually comple-
mentary. Neither can take the place of the Oither.
The relative amount of lecture table and laboratory experi-

ments may vary considerably without detriment to the subject,
for there is much common ground that may be covered by either
or both together ;^ but a well-balanced development of both is
necessary for the best results. The exclusive allotment of qualita-
tive experiments to the class room and of quantitative to the
laboratory is an unwise and unnecessary restriction of the field
of usefulness of each. As a general rule, the quantitative work
belongs ito the laboratory course; but roughly quantitative experi-
ments are often valuable in the class room, as a basis for the
preliminary discussion of quantitative laws; and, where occasion
demands, they may be made to serve in the place of laboratory
experiments. The special field of the lecture table experiment
is in the qualitative study of phenomena which can be readily
observed at a distance. By the use of the projection lantern
this field can be extended to include phenomena which would
otherwise require minute observation at close range. In such
cases, however, as well as in others which cannot be thus adapted,
the laboratory offers the best opportunity for effective work. In
the laboratory the pupil feels the increasing pressure as he pushes
a light body (as a beaker) further down in water; he feels »that
a copper rod becomes hot enough to burn his fingers while a
glass rod remains cold when an end of each is held in a flame;
he sees that an object at the bottom of a vessel appears to rise
as water is poured in. Qualitative experiments such as .these,
and there are many of them, yield an experience which is differ-
ent in kind and in value from that gathered in observing lecture
table demonstrations at a distance; and on this score ithey are
entitled to a place in the laboratory course.
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As to the general character of the laboratory work, every ex-

periment should measure up ito two requirements. It should
he real physics, and it should have a definite purpose and value
as a part of the course. It is a waste of valuable time to spend
the first days in the laboratory on pure measurement with vernier
and micrometer calipers, the diagonal scale, »the spherometer, etc.,
with no physics in sight. It is the specific purpose of the labora-
tory work to teach physics; and the experimental procedure
should be as simple and direct as will serve the purpose. It is
an educational blunder, as well as a waste of itime, to introduce
the use of micrometric instruments and the Jolly balance in
the work on density and specific gravity, when the pupil has had
no practice in the simpler methods of measuring and weighing.
The educational value of the laboratory work depends very

largely upon ithe mental attitude which the pupil is led to assume
toward it. Above all things else it should bear the stamp of
sincerity. There should be no playing at discovery; and of
real discovery there is none, for does it not consist in following
a blazed trail. There should be no shallow pretense of "verify-
ing" the general laws and principles of physics. The attitude
of verification stultifies the intelligence; for it ignores both the
quality and the quantity of the experimental evidence upon which
ithe generalizations of science are founded, and it attaches a

wholly fictitious value to the practice work of the student. The
laboratory experiment is not a proof of the law, but an aid to
the right understanding of it. This distinction is fundamental.
For example, in the study of Boyle’s law the pupil experiments
with one gas only (air), at one temperature only, and with only
a. moderate range of pressure. With the apparatus commonly
provided, the work is well done if it is not in error by. more
than one or two per cent. If this is accepted as an exemplifica-
tion of the law, with a fair and reasonable approximation to
accuracy, it is well. If it is further understood thait the law has
been established by similar but much more accurate work with
many gases, for a much greater range of pressures, and at
different temperatures, and that the law has ithus been found
to be only a close approximation to the truth, and that it fails
even as an approximation for any gas when near a temperature
and pressure at which it liquifies, it is well. Such teaching will
foster a just appreciation of what science is, and a very whole-
some and serviceable respect for scientific authority. But if
the pupil is led to believe ithat all this, or any part of it, may be
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assumed on the basis of his experiment, the work is a harmful
perversion of scientific education.

It is of course true that the laboratory work affords a sufficient
basis for important inferences and conclusions; but ithese are

necessarily simple, and generally narrow and partial. Intellectual
integrity demands that they go no further than the experimental
data will warrant.
The mosit important and perhaps the most difficult problem

concerning the laboratory work is to make effective use of it.
If it has only such connection with the work of the class room
as the pupil makes on his own initiative, it will have very little
value indeed. Pupils well above the average in intelligence and
steadiness of purpose generally fail to grasp the full significance
of an experiment until the results have been subjected to a
searching analysis under the guidance of the teacher; and the less
capable members of the class are hopelessly incapable of deriving
reasonable benefit from the work without this assistance. Ac-
ceptable results, duly recorded in a note-book, give no assurance
of successful work. It is the interpretation and assimilation of
results that counts, and ithat only.
The means by which this result can best be secured depend

largely upon the size of the class, the time allotted to the labora-
tory work, and the predilections of the teacher. With a class of
ten or less, individual instruction in the laboratory may suffice, es-

pecially with a double laboratory period. With only a single
period for the work and large classes (fifteen to twenty-five), this
becomes impossible. Under such conditions the only effective plan
is to make the laboratory experiment the basis of a class discus-
sion, after all members of the class have performed it. This class
discussion or recitation should fit in with the texit-book lesson
on the topic which the experiment illustrates. On this plan, the
laboratory work precedes the formal recitation. It is an obvious
advantage to bring the two as close together in time as possible;
and this is the principal reason for providing several sets of
apparatus for each experiment, as discussed later.

As a further means of shortening the time interval between
the work of the laboratory and the class room, the school program
should be arranged, if possible, so that the laboratory days may
be varied at will. Thus it may be found desirable to run three
days of recitation, two of laboratory work, four of recitation, one
of laboratory work, two of recitation, etc., according as the lab-
oratory experiments may chance to fit in with the work of the
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class room. The loss of the movable laboratory day is one of the
great disadvantages of the double laboratory period, which, as a
rule, must come on fixed days of the week.

In order to make the most out of the laboratory work, it
must be brought into mutually helpful relation with the study of
the text-book; each must be serviceable as a means of interpreting
the other. The text and the experiments are different lines of
approach to the same goal, namely, an understanding of physics.
The two aids to the understanding will be most effective when
used together. This leads to the practical rule that at least one
reading of the text-book on the topic of the experiment should
precede the laboratory hour; that the text-book should be brought
to the laboratory, to be used at the pupil’s pleasure and upon the
advice of the teacher; and that the lesson of the experiment
should be borne in mind as the text is further studied in prepara-
tion for the recitation.

I am not in sympathy with the view that the pupil should
come to the laboratory wholly uninformed on the subject of his
experiment, in order that he may weakly imitate the methods
and weakly experience the pleasures of original discovery. True,
the laboratory should afford valuable training in scientific methods
and habits of thought, and nothing that militates against this
should be tolerated; but the use of the text-book as recommended
is not open to such objection. It should be remembered that
the scientific investigator, in addition to his other qualifications,
is skilled in the use of books. Before undertaking original work
on any problem, he consults authorities to find out what is
already known about it. To save time and useless labor, he
begins his own investigations where his predecessors left off.
The boy of to-day who is interested in wireless telegraphy or
in aviation has learned this lesson without any help from his
teachers; for he is a diligent reader of scientific periodicals which
give up-to-date information on his hobby. Training in the
effective use of scientific literature is no less a necessary part
of scientific education than is training in the methods of investiga-
tion; and the former is more likely to be of use to ninety-nine
out of a hundred pupils than the latter.
The principal factors which determine the details of laboratory

management are the length of the laboratory period, the size of
the classes, the number of sets of apparatus available for each ex-
periment, and the number of pupils (one or more) assigned to
each set.
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The one important advantage of the double laboratory period
(an hour and a half) is that it affords time-for the experimental
work of the exercise and for the preparation of a complete and
final report upon it. With the judicious help of the teacher at
the time of the writing, the errors of the record are reduced to
a minimum; and, under the rule that notebooks are not to be
taken from the laboratory, the record is free from the suspicion
of dishonesty which too often attaches to work done on the out-
side. The double laboratory period usually carries with it the
disadvantage of fixed laboratory days, the objection to which has
already been noted; and each class takes a larger fraction of
the teachers time. With a single laboratory period, it is practi-
cally necessary to have the record completed on the outside;
since it is out of the question to limit the course of experiments
to such as can be performed and written up in so short a time.
The only serious objection to ithis plan is that it puts temptation
in the way of pupils who have access to old notebooks on the
same experiments. This evil may be reduced to a negligible
minimum, or it may become a serious menace to the morals of
the class. It all depends on the teachers ability to manage the
situation. If it is clearly understood that the pupil’s promotion
will be determined by the physics stored in his head rather than
in his notebook, and that the notebook is only a means to an
end, not an end in itself, the temptation to dishonesty will not be
very serious.
The proper size of laboratory classes has been the subject of

much discussion. The view entertained by many that the number
should not exceed fifteen, and would be better be ten or twelve,
appears to me untenable. If the instruction based on the labora-
tory work is given only as individual instruction in the laboratory;
if, in other words, the pupil’s laboratory experience is not corre-
lated m the class room with the work of the class room, then
indeed a laboratory section of ten or twelve is the maximum for
satisfactory results. But why conduct the work on such a plan?
It is appallingly wasteful of the teacher’s time and energy to
discuss in full detail the significance of each experiment with
the pupils individually, and it is practically impossible to do so
even with classes of ten or twelve. Nor is it clear that such
individual instruction is more necessary or desirable in connec-
tion with the laboratory experiments than it is with the experi-
ments of the class room or with the illustrations and applications
of physical principles in daily life.
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It is the business of the elementary laboratory to afford oppor-
tunity for gaining a selected and directed experience under good
working conditions. It is assumed that the pupil will endeavor
ito make something out of this experience at the time. Only by
constant effort in this direction does the work of the laboratory
become a means of intellectual growth. But suppose the pupil
fails of full success in this endeavor, as he generally will. If
he is one of twelve, he is entitled only (to seven and one half
minutes of the teacher’s time in a double laboratory period, and
to half that in a single period. His needs will surely be better
served if he has the benefit of a class discussion in a class of
twenty or more, even if he must wait a day or two for this assist-
ance.

If the threshing out of results is made the business of the class
room, as here advocated, and if the laboratory is fully in order
for the work of the hour before the class assembles, an experi-
enced teacher can give the necessary assistance ito a class of
twenty-four, or even thirty. Twenty-four is the preferable max-

imum; for, as numbers increase beyond this limit, the details of
management become more exacting, and the unavoidable noise
and movement of ithe class begin to distract the attention and to’
interfere rather seriously with the work. The difference between
a class of twenty-four and one of thirty in this respect is much
greater relatively than the mere difference in numbers.
The question whether pupils should work singly or in groups

admits of two satisfactory answers. They should either work
singly or in groups of two. Other conditions being equal, twice
as many duplicate sets of apparatus must be provided for indi-
vidual work as are required where pupils work in pairs. With
most schools this consideration alone carries the decision in favor
of the latter plan; and it has other merits. The old adage that
two heads are better than one holds true in the laboratory as

elsewhere; and iit is also true that two pairs of hands are better
than one in many experiments. This plan requires more tactful
management than the other, especially with large classes, since
a considerable amount of talking must be permitted, but this
is not a difficult problem.
Working in groups of three or more is unsatisfactory, as a

rule. No more than two can participate to advantage in the use

of the apparatus. The others must perforce become spectators;
and, in ithe natural working of the plan, this role will fall to
the lot of those to whom it is most congenial but least beneficial..
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The weaker members of the group will also depend upon the
more capable to do the thinking. But worst of all, the spirit of
an indifferent member of the group is apt to prove contagious.
To secure the advantage of a minimum time interval between

the work of the laboratory and the class room, several duplicate
sets of apparatus must be provided for each experiment. This
duplication has the further important advantage of economizing
time in the laboratory, by saving the repetition of oral directions.
All things considered, the best plan is to provide a sufficient
number of duplicate sets to accommodate the entire class on two
exercises. With pupils working in pairs, in classes of twenty-
four as a maximum, this would require six sets of apparatus
for each experiment. Twice this number would be necessary
to accommodate all on the same experiment. The advantage
to be thus gained would hardly justify the added expense.

Double the regular number of sets of apparatus should be pro-
vided for experiments where individual observation is necessary
and much time would be wasted in taking turn at the work; e. g.,
in studying the heat conductivity of rods by the sense of touch,
and in the usual experiments on point image in a plane mirror,
the refraction of light through plates and prisms, the study of
color, etc. It is also a practical convenience to double the regular
equipment for the first few experiments of the course, in order
that the whole class may start together, and take the experiments
in regular order from ithe first day. The separation of the class
into two or more groups, as may be desired, will soon take place
of itself, particularly where the first exercises consist of several
short experiments.

Wi»th most schools an adequate equipment is a matter of sev-
eral years’ growth. In such cases it is better to begin by pro-
viding two or three or even four sets of apparatus for each
experiment of a minimum course than to provide only one set
for perhaps a considerably larger number of experiments. As
years pass, the increase in the number of experiments and in
ithe number of sets of apparatus for each should proceed simul-
taneously.
The importance of system, order, and general fitness of condi-

tions to the work of the laboratory can hardly be overestimated.
In such matters the teacher should set an excellent example,
and he should .train his class to follow it. Boys are notoriously
careless and indifferent to the litter and disorder in which they
may leave their temporary quarters, whether it be at the labora-
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tory table or elsewhere. The instincts and habits of the cave
dweller have a strong hold upon them. As a measure of self-
defense, as well as in the interests of civilization, the teacher
should develop in his pupils a sense of responsibility for the con-
dition of the apparatus and table where they are at work, and
especially for the condition in which these are left at the end of
the hour. The first law of a well-conducted laboratory is order.

CLASS ROOM EXPERIMENTS.

The class room affords opportunities for experimental work
of the greatest value to the course. Without such experiments
the teaching is necessarily less effective, however fully the labora-
tory course may be developed. For various reasons, the experi-
ments of the class room are, as a rule, impracticable in the lab-
oratory; and also, as a rule, they have no laboratory equivalent.
The laboratory experiment is predetermined and fixed. It

follows a set of written or printed directions, from which the
pupil can rarely depart with any profitable result. The class
room experiment is adaptable. Where occasion demands, it can
be repeated under varying conditions until the essential facts
stand out clearly; and an experiment, suggested by a class dis-
cussion, can often be improvised and tried out at once to settle
a question or a doubt. Skill and resourcefulness in the adapta-
tion of experiments to fit the questions of the class add immensely
to the effectiveness of the teaching; and their exercise serves as
an impressive object-lesson on the methods of investigation.
The experiments of the class room are adaptable not only in

their character, but in their purpose as well. They fit into the
general plan of the course in a variety of ways. Most frequently
they serve to introduce new topics, particularly where the lab-
oratory experiments on a topic are quantitative. The typical
procedure in such cases is as follows: (i) Qualitative class
room experiments, either preceding or following an assigned
reading of the text. If the reading precedes the ^experiments,
the teacher will expect the class to take an active part in an
informal discussion of them as they are performed. If the ex-

periments precede the reading, the teacher will comment briefly
upon them as they are performed, directing the attention of
the class to the significant facts to be observed, and will assign
the reading of the text and the discussion of the experiments for
the following day. (2) The laboratory experiments on the topic,
supported by further study of the text. (3) Recitation on the
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text and the laboratory experiments, together with problems and
applications.
As an example, let us see how this procedure applies in study-

ing the reflection of light. Before the pupil begins the study
of mirror images in the laboratory, he should have a clear con-

ception of beams and cones of light, both diverging and converg-
ing, of regular reflection, of angles of incidence and reflection,
and of the law of reflection. These ideas are readily grasped
from direct observation of beams and cones of light in a fully
darkened room, into which a horizontal beam of sunlight is
thrown by a porte-lumiere. Chalk dust in the air (from two
erasers struck together) makes the path of the light plainly vis-
ible to the entire class. The phenomena mentioned are exhibited
by reflecting the beam from plane and curved mirrors. Similar
experiments can be shown with the Harti optical disk without
darkening the room. It is worth while to use both methods.
Having this acquaintance with the fundamental facts of reflec-
tion, the pupil is better able to work put their consequences in
the laboratory study of mirror images. Following the labora-
tory work, the class discussion or recitation is made the occasion
for a general review and summing up of the topic.
Not infrequently the experiments of the class room are given

to best advantage after the laboratory work on the same topic;
e. g., experiments on applied pressure (Pascal’s law) after the
laboratory experiments on the gravity pressure of liquids; ways
of using the lever, following the laboratory exercise on moments
of force; more detailed study of the transmission, absorption,
and reflection of radiant energy, following the simpler laboratory
work on the same topic; and similarly in the experimental study
of dispersion and color, magnetism, electromagnetic induction,
etc. There is no invariable order of class room and laboratory
work which is best in all cases.

The experimental illustration of many topics is best conducted
wholly in the class room. In such cases the experiments will
be presented from day to day, coincidently with the class dis-
cussions and recitations from the text. Among the subjects
which can be presented to best advantage in this way may be
mentioned the greater part of dynamics (the mechanics of accel-
erated motion), diffusion, vapor pressure, the greater part of
sound, and the whole of electrostatics.

It is clearly a misappropriation of time and energy to have
the class keep a record of the lecture-table experiments. There
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is valuable training in written work, when properly supervised;
but there is enough of it and to spare in connection with the
laboratory experiments. To require a written account of the
lecture-table experiments, in addition to the laboratory record,
is to exaggerate this phase of the work beyond all reasonable
proportions and to impose an intolerable burden on the class.
The equipment of apparatus for the class room should be

entirely separate from that of the laboratory, and should be
stored, ready for use, in an apparatus room directly behind the
demonstration table. The table itself should have drawers and
closet spaces of various sizes, for ithe convenient storing of
apparatus and supplies most frequently used, such as burners,
stands and supports of various sorts, glass and rubber tubing,
tools, etc.
A fairly complete equipment of apparatus for the lecture table

will cost from $800 to $1,000; and $500 will be necessary for
a fair beginning. I^t is better to start both the laboratory and the
class room equipment in a modest way, and to add to each from
year to year, than to expend all available funds for either alone.

Provision is rarely made as it should be for the class-room
experiments in light. Direct sunlight is not at all necessary in
the laboratory, but in the class room it is very important. One
side of the class room should have a southerly exposure; and
a window near the front of the room on this side should be
equipped with a board shutter, through an opening in which a
sunbeam can be directed horizontally into the room, from an
adjustable porte lumiere. The proper adjustment throws the
beam over and along the lecture table, at a height of ten or
twelve inches, where it can be used for all experiments on reflec-
tion, refraction, dispersion, and color. Sunlight is beyond com-
parison the best and most convenient light for the class-room
experiments on these topics. For most of the experiments in
light the room should be perfectly dark. This requires an opaque
shade for each window, in addition to the ordinary translucent
shade. Boith shades must be wide enough to project two or
three inches into the deep grooves of a special box window-
casing; and these grooves should be painted black.




